Questions: 1. To what extent is biomass production of a Caucasian alpine tundra plant community limited by soil nitrogen and/ or phosphorus? 2. Can the foliar N:P ratio predict the nutrient limitation pattern of alpine vascular plant communities? Location: Lichen-rich tundra on Mt. Malaya Khatipara in the NW Caucasus, Russia (43°27' N, 41°42' E; alt. 2800 m a.s.l.).
Introduction
Biomass productivity of alpine tundra communities is low compared to that of other ecosystems (Bowman & Fisk 2001) , probably because of nutrient limitation to plant growth. Körner (2003) suggested that, due to the low nitrogen mineralization rate and relatively high phosphorus availability caused by weathering, most alpine communities are nitrogen-limited. Indeed, Bowman et al. Biomass production, N:P ratio and nutrient limitation in a Caucasian alpine tundra plant community (1993) demonstrated nitrogen limitation of alpine tundra plant communities in the Colorado Rocky Mountains. However, generalizations would be premature since only few mountain ecosystems have been experimentally studied for nutrient limitation related to biomass production. The former Soviet Union includes a substantial part of the world's mountain areas, yet despite some research published mostly in Russian (e.g. Shatvorjan 1960; Nakhutsrishvili 1976; Khutinaev 1981 ) the mineral nutrition of its alpine plant communities remains largely unexplored.
A popular research method to define nutrient limitation of a plant community has been to measure the biomass response to experimental fertilization, mostly Nand P-additions. However, this method is laborious, costly and sometimes there are difficulties in the interpretation of the results (Aerts & Chapin 2000) . Koerselman & Meuleman (1996) proposed the above-ground biomass N:P ratio as a quantitative tool to assess the nutrient limitation of wetland plant communities, where ratios below 14 indicated N-limitation, ratios higher than 16 indicated P-limitation and ratios between 14 and 16 possible N-and P-co-limitation. Several authors have since reported a similar relation between N:P mass ratios and the type of nutrient limitation for wetland plant communities (Güsewell et al. 2003; Olde Venterink et al. 2003) .
Despite this, the generality of the Koerselman & Meuleman model is still debated. Tessier & Raynal (2003) found considerable variability between plant communities in N:P ratio thresholds for N-versus P-limitation. Bowman et al. (2003) found no correlation between foliar N-or P-concentrations in three widespread alpine species and soil N-or P-supply. Körner (1989) suggested that herbaceous plants at higher altitudes have higher N-and P-concentrations than those of similar species at lower elevations, owing to "inherent developmental growth constraints inhibiting nutrient dilution in the plant body". Thus, the N:P ratio threshold for high altitude ecosystems might differ from that of lowland ecosystems. However, little information is available about critical N:P ratios of mountain plant communities (Tessier & Raynal 2003) , especially for lower latitudes.
Here we explore type and degree of nutrient limitation of Caucasian alpine tundra addressing five questions: 1. Which nutrients limit the above-ground biomass production of this alpine tundra plant community? 2. Can this limitation be predicted from the community N: P mass ratio? 3. Is the pattern of response to nutrient addition the same for the whole community as for its component species? 4. How do the main component vascular species respond to release from nutrient limitation in terms of biomass production and nutrient uptake? 5. How do the relative contributions of these species in the total above-ground N-and P-pools change with nutrient addition? To answer these questions we performed a 4-year fertilization and irrigation experiment in a Caucasian alpine lichen-rich tundra and examined the responses in biomass and N-and P-content of the different species.
Methods

Site description
The experimental site was in the Teberda Natural Reserve (43°27' N, 41°42' E), on the south wind-exposed slope of Mt. Malaya Khatipara (at 2800 m a.s.l.), in the NW Caucasus, Russia. Soils of the site are Umbric Leptosols (FAO Classification System) with many stones, mostly biotite shists. The upper soil horizon is acidic (pH KCL = 4.0) and nutrient-poor (available NH 4 = 0.0012 %, available P = 0.0006%) (Onipchenko 1994) .
The climate of the area is rather harsh, with a mean annual temperature of 1.2 °C and a mean July temperature of 7.9 °C (Grishina et al. 1986 ). Annual precipitation is high (1400 mm), but most falls as snow and is blown away due to high wind velocities. Therefore, summer soil water shortage and deep winter freezing occur frequently. Wielgolaski (1972) . For a detailed description see Onipchenko (1994 Onipchenko ( , 2002 .
Experimental treatments and sampling
The experiment covered the period May 1999 -August 2002. We assigned 24 plots of 1.5 m × 1.5 m, visually similar in plant species composition, to six treatments: (1) control, (2) nitrogen (N), (3) phosphorus (P), and (4) N+P fertilization, with nutrients added annually just after snow melt, (5) lime (CaCO 3 ) addition just after snow melt in 1999 and 2002, and (6) irrigation conducted annually during the main vegetation period (July -August). Each treatment was replicated 4 times. Spatially randomized plots were deployed in three rows perpendicular to the slope, eight plots per row, with a 1 m buffer zone between plots within as well as between rows. Nitrogen was added as urea (9 g-N.m -2. a -1 ), phosphorus as double superphosphate (2.5 g-P.m -2 .a -1 ), and lime added at 52 g.m -2. a -1 . The lime treatment was aimed at lowering soil acidity, which could affect N-and P-availability (Rorison 1980) . Irrigation was aimed at overcoming possible summer soil water constraints. Every day the precipitation was measured and if the precipitation over a 3-day period did not compensate for water loss due to evapotranspiration (about 3 mm per day; Grishina et al. 1986 ), the plots were irrigated accordingly.
Total above-ground biomass (including both lichens and vascular plants) was sampled in summer 2002 during the first week of August, at the peak of the growing season of this relatively late and cold summer. In each plot two 0.25 m × 0.25 m subplots were cut close to the soil surface. Lichens were not sorted by species, but the harvested vascular plant material of both subplots was bulked and sorted by species. Vegetative parts and flowering stems were separated, air-dried then oven-dried (60 °C) and weighed. The three morphologically similar Carex species (Carex umbrosa, Carex sempervirens and Carex caryophyllea) were pooled as Carex spp. Ten representative species, which constituted about 80 % of total vascular species community biomass, were selected for chemical analyses: nine forbs (see Fig. 2 ) and Vaccinium vitis-idaea. Only leaves (with petioles if any) were analysed for N and P. N-concentrations were determined by dry combustion on a Perkin Elmer 2400 CHNS analyser. For determination of P-concentrations, samples were acid digested and analysed colorimetrically using the ammonium molybdate method (Murphy & Riley 1962) . In order to find out whether the lime treatment affected soil acidity we sampled soil from control and lime fertilized plots. These samples were sieved and analysed for pH-KCl and total acidity, the latter after titration with NaOH.
Statistical analysis
First the responses of lichen biomass, total aboveground vascular plant biomass and above-ground biomass of individual species were analysed by one-way ANOVAs followed by the Tukey HSD post-hoc test. The N+P-treatment was considered as a single factor treatment in this analysis. As lime additions and irrigation did not have any significant effects (see Results) we tested for N-and P-interactions in two-way ANOVAs, with lichen biomass, vascular plant biomass or biomass of individual vascular species as dependent variables and N-and Paddition as independent ones. Where necessary, logarithmic transformation was applied to improve normality. In order to compare individual treatment means, we did additional one-way ANOVAs followed by a Tukey post-hoc test, for biomass and leaf nutrient concentrations.
The total amount of N and P in the vegetative parts of each species per plot was calculated by multiplying vegetative biomass per m 2 by leaf N-or P-concentration for each species. As all analysed herbaceous species formed rosettes or tufts we assumed that the N-and P-pools in vegetative stems were negligible compared to those in leaves. However, flowering stems of other species and woody biomass of Vaccinium vitis-idaea may differ in their nutrient concentrations. Therefore, we only used vegetative biomass for these analyses and excluded V. vitis-idaea. These data, log-transformed where necessary, were subjected to three-way ANOVAs with N-and Padditions and species as independent variables, and species N-or P-content as a dependent variable. Owing to significant species effects, separate two-way ANOVAs were done with N and P as independent variables and species mean above-ground N-and P-pools as dependent variables.
The soil pH in control plots was compared to that in limed plots using a t-test.
Results
Despite an overall treatment effect (p < 0.001) on above-ground vascular plant biomass and lichen biomass (Fig. 1) , we did not find any significant response to lime additions nor to irrigation, even though we found a higher soil pH-KCl after lime treatment (4.7 ± 0.05 in control and 5.2 ± 0.2 in limed plots, p = 0.013). Neither did we find significant responses to these treatments in the aboveground biomass of individual species or in species nutrient content (data not shown). Therefore, we confine ourselves hereafter to changes induced by N-and/or Pfertilization.
Biomass responses
The total community biomass (lichens and vascular plants) did not change significantly in response to treatments. However, we observed a strong biomass shift from lichens to vascular plants. In the controls the aboveground vascular plant biomass was relatively low at about 120 g.m -2 , but almost doubled in response to N-fertilization and almost trebled in response to the N+P-treatment, while there was no response to the P-treatment. In contrast, lichen biomass, as high as 260 g.m -2 in the controls, was reduced to 60 and 40 g.m -2 in response to N-and N+P-fertilization. Although the lichen biomass response to N-and N+P-treatments differed, there was no significant interaction between N-and P-fertilization. In contrast, there was a significant interaction between the Nand P-treatments for vascular plants (N treatment: p < 0.001; P-treatment: p = 0.009; N × P: p = 0.042). Thus, Paddition caused a change in above-ground vascular plant biomass only in combination with N-addition (Fig. 1a) .
The response of above-ground biomass or foliar Nand P-concentrations of species to the treatments varied and showed no clear-cut pattern (see App. 1). None of the species excluded from nutrient content analyses had any significant biomass response (data not shown).
Leaf N-and P-concentrations and pools
The foliar N:P ratio of the controls varied substantially among species (Table 1) . The pooled vascular plant foliar N:P mass ratio in the control was 29. The leaf concentration of N in the controls varied from 12.1 to 42.8 mg.g -1 dw. The N-addition treatments (N and N+P) increased the N-concentration of above-ground plant tissue for all species (although not in all cases significantly). The increase in N induced by the Ntreatment tended to be consistently higher than that caused by the N+P-treatment. Similarly, the phosphorus addition treatments (P and N+P) increased the P-concentration of above-ground plant tissue for all species and this increase caused by the P-treatment tended to be higher than in the N+P-treatment.
Considering that the analysed species accounted for 80% of the total vascular species biomass, we estimate the mean total amount of N in the control at 1.5 g.m -2 and of P at 0.05 g.m -2 . By the end of the experiment the total above-ground vascular plant N-pool in the N-plots had increased 2.8-fold and in the N+P plots 3.2-fold. Thus, out of 36 g of added N, only 2.6 g had been taken up by the above-ground vegetation in the N-plots and 3.2 g in N+P-plots. The total above-ground vascular plant P-pool increased 8.3-fold in the P-plots and 13.2-fold in the N+P-plots. Thus, out of 10 g P added, 0.3 g and 0.54 g of P had been taken up by vascular plants in the P-and N+P-plots, respectively.
The three-way ANOVA on the total N-pool showed a significant overall effect of N (p < 0.001), and significant N × species (p < 0.001), P × species (p = 0.005) and N × P × species (p = 0.013) interactions (see also Fig.  2 ). The three-way ANOVA on P-pool showed significant overall effects of P-additions (p < 0.001), N-additions (p = 0.002), and significant P × species (p < 0.001), N × species (0.019) and N × P × species (p = 0.007) interactions.
Although the total nitrogen contents of all nine species combined were similar in the N-and N+P-treatments, the distribution of N over the species was very different (Fig.  2) . Remarkably, the N-content was significantly different only for three individual species, while P-content was significantly different for eight species out of nine. Consequently, the relative contributions of individual species to the total nitrogen and phosphorus pools were also strongly influenced by the treatments (Table 1) . Table 1 . Species N:P ratios in control plots and mean percentage (± SE, n = 4) of the individual species contributions to the total above-ground nitrogen and phosphorus pools.
Plant variable N:P Nitrogen pool Phosphorus pool
Experimental treatment control N N+P P control N N+P P Species Alchemilla caucasica 67 3.1 ± 2.1 2.3 ± 1.7 12.2 ± 5.4 1.1 ± 0.5 1.4 ± 0.9 0.9 ± 0.7 10.4 ± 4.6 1.2 ± 0.5 Anemone speciosa 19 8.0 ± 2.7 5.0 ± 1.6 5.9 ± 3.1 10.8 ± 1.8 12.1 ± 4.1 7.8 ± 2.5 4.8 ± 2.5 7.5 ± 1.3 Antennaria dioica 21 4.7 ± 1.7 9.9 ± 5.6 6.2 ± 2.8 15.0 ± 8.7 6.2 ± 2.3 18.2 ± 10.3 8.6 ± 3.9 21.4 ± 12.4 Campanula tridentata 21 10.7 ± 2.8 3.0 ± 0.7 3.4 ± 1.3 9.1 ± 2.6 14.6 ± 3.9 3.8 ± 0.9 3.8 ± 1.4 7.3 ± 2.1 Carex spp. 39 18.1 ± 2.9 41.2 ± 10.1 27.6 ± 10.7 7.8 ± 1.6 13.3 ± 2.1 29.2 ± 7.2 23.4 ± 9.0 10.2 ± 2.1 Carum caucasicum 21 8.7 ± 1.8 4.1 ± 1.7 3.6 ± 1.9 1.8 ± 0.9 12.9 ± 2.7 6.0 ± 2.5 5.5 ± 2.9 2.9 ± 1.4 Festuca ovina 59 22.4 ± 4.3 8.9 ± 2.0 35.1 ± 3.9 28.1 ± 2.7 11.6 ± 2.2 1.1 ± 0.2 39.3 ± 4.4 35.8 ± 3.4 Pedicularis comosa 12 0.2 ± 0.2 2.1 ± 1.0 0.6 ± 0.6 0.4 ± 0.3 0.5 ± 0.5 1.8 ± 0.9 1.1 ± 1.1 1.2 ± 0.7 Trifolium polyphyllum 25 24.0 ± 8.4 23.5 ± 15.4 5.2 ± 5.0 25.9 ± 7.2 27.5 ± 9.7 31.3 ± 20.5 3.3 ± 3.2 12.5 ± 3.5 Fig. 2 . Distribution of mean above-ground vascular plant N-and P-pools among species at different treatments (for treatment description see Fig. 1 ). Error bars represent SE (n = 4) of the total N-or P-pool. Significance of response to N-and P-additions and their interaction (based on two-way ANOVA) is indicated first for the N-pool, and after the semicolon for the P pool. p < 0.05; ns = not significant.
Discussion
Nutrient limitation and N:P ratio of the vascular plant community
The lack of any response to irrigation and lime additions suggests that the community nutrient limitation is not a result of water shortage or low soil pH but rather of low soil nutrients per se. Our results for the alpine tundra in the Caucasus support Körner's (2003) hypothesis that vascular plant biomass production in alpine plant communities is mostly nitrogen-limited. In agreement with Liebig's law of the minimum (von Liebig 1840) P-additions did not change the vascular plant community biomass production until the N-limitation was overcome. Thus, only when applied together with N-and P-addition increased the vascular plant biomass significantly (Fig. 1) .
Consistent with previous findings (e.g. Press et al. 1998; Tomassen et al. 2004 ), lichens responded negatively to N-containing fertilizers. Our analyses can not distinguish whether this decrease is a result of shading by the expanded canopy of vascular plants (Cornelissen et al. 2001) or a direct damaging effect of urea, which may cause tissue burning (Bremner 1995) .
We found relatively low mean N-and, especially, Pconcentrations in leaf tissue (1.7% and 0.06%, respectively) compared to those found previously (Wielgolaski et al. 1975; Thompson et al. 1997; Aerts & Chapin 2000) . In contrast, Körner (1989 Körner ( , 2003 found for several mountain areas that plant tissue N and P tended to increase with altitude due to increasing climatic constraints on biomass production. Nevertheless, our leaf nutrient concentration data seem representative for our site, since they are similar to those measured and reported independently by Makarov et al. (1999) for several species of the same site. Also, three widespread species (Vaccinium vitis-idaea, Carex spp. and Festuca ovina) occur in similar investigations at other sites (Rorison 1971; Wielgolaski et al. 1975; Shaver & Lechowicz 1985; Michelsen et al. 1998; Kudo et al. 2001; Güsewell & Koerselman 2002) . N-concentrations in all three species and P in Vaccinium vitis-idaea are broadly similar to our findings. P in Festuca ovina reported for wetlands (Güsewell & Koerselman 2002 ) is also low (ca. 0.5 mg.g -1 ), but still 2.5 times higher than in our site. However, our P-value was still well above the detection limit of 0.05 mg.g -1 for the P-analysis. Plant tissue P can vary substantially between years (Mamolos & Veresoglou 2000) . Since our sampling year was relatively cold and rainy this could have reduced P somewhat. The other possible source of imprecision might be that some sampled green leaves of Festuca ovina had slightly senesced tips. However, P-concentration in the litter material collected later in the same year for another analysis was 2.5 fold lower (p < 0.001) than in the green material.
The N:P mass ratio of 29 for the green foliage in the controls of the alpine tundra community would indicate strong P-limitation according to the threshold of 16 proposed by Koerselman & Meuleman (1996) . However, our data show that despite high N:P ratio the vascular plant biomass production of our alpine plant community is N-limited. The high N:P ratio is driven by the extremely low P-concentration. Thus, the community seems to be composed of species well adapted to low phosphorus supply. Such adaptations might include a highly efficient annual internal P-cycling or (and) high P-use efficiency (Aerts & Berendse 1988; Bobbink et al. 1989 ).
Whilst our leaf nutrient concentration data for individual species mostly correspond with available literature data for similar sites, our data on the relation between foliar N:P ratio and nutrient limitation contrast not only with those for lowlands (Güsewell & Koerselman 2002; Olde Venterink et al. 2003 ), but also with some mountain studies (Bowman et al. 1993; Tessier & Raynal 2003) , which were consistent with the Koerselman & Meuleman (1996) model. One partial explanation might be the high relative biomass of Festuca ovina and Carex spp. in our site, because P-concentrations are very low in both species. Apparently, both species grow well at low external Psupply.
We are aware that our calculated vascular plant community N:P ratio is only an estimate, because (1) it is based on data for nine species only and (2) we measured only leaf nutrient concentration but excluded stems. While the biomass of vegetative stems is almost negligible, generative stems contribute considerably to above-ground biomass. Foliar N-concentrations are approximately 30% higher than in petioles and stems (Körner 1989) , while foliar P-concentrations are approximately 30% lower than in petioles and stems. If generative parts represented 20% of total biomass and had 30% less N but 30% more P than leaves, the N:P ratio would have been 26; if inflorescences represented 40%, the N:P ratio would have been 24. All these values would, however, still indicate P-limitation in the Koerselman & Meuleman (1996) model.
Vascular plant species responses versus community responses
The response of individual vascular plant species to the nutrient treatments differed from the overall community response, possibly indicating competitive interactions between species. Several studies in arctic and alpine plant communities have demonstrated that N-or N+P-fertilization causes strong biomass increases of graminoids (e.g. Henry et al. 1986; Fox 1992; Bowman et al. 1993; van Wijk et al. 2003) , which often replace forbs.
Our results, however, show very different responses of the graminoid Carex spp. and Festuca ovina. While Carex strongly increased its biomass in response to addition of N and N+P and did not respond to P-treatments, Festuca had an opposite response, increasing biomass strongly in both P-addition treatments. The responses of Carex to the N+P and N-treatment were similar, while Festuca showed a doubled increase in response to N+P treatment in comparison with that in the P-treatment. These findings are consistent with previous studies, which have shown that F. ovina is a stress-tolerant species but a bad competitor on richer soils, where it is easily eliminated by other species (Harper 1971; MacGillivray & Grime 1995; Thompson et al. 1996) . Tyler (1996) reported that the abundance of F. ovina was positively correlated with the availability of exchangeable soil phosphates. Thus, consistent with the claim by Grime (2001) that graminoids differ in their response to fertilizers, our data suggest that Carex and Festuca have opposite nutrient constraints. We speculate here that our Carex spp. might possess cluster roots for efficient P-uptake, as Grime (2001) reported for C. flacca, and Lamont (1993) for several Carex spp.
Changes in N-and P-concentrations induced by the treatments indicate that although most of the species are adapted to low phosphorus supply, P is a secondary limiting nutrient for them. The following arguments underpin this. 1. Fertilization by only N or only P had almost no effect on the concentrations of the other nutrient even when the biomass of the species increased, indicating an absence of dilution. Bowman (1994) reported similar results for the alpine tundra on Niwot Ridge, USA, and interpreted such an absence of dilution as possible colimitation. 2 For all the species except Vaccinium vitisidaea, leaf N at N-fertilized plots were higher than those at N+P-fertilized plots, by 1.3 times on average (although this was not significant in thee species). Similarly, leaf P in P-fertilized plots had an overall tendency to be higher than those in N+P-plots, by about 1.4 times on average. Additional supply of the second nutrient, thus, results in a more complete utilization of both nutrients, presumably to support the higher biomass production or a higher shoot-root ratio.
Recently attempts have been made to determine whether N:P ratios of individual species can serve as predictors of their nutrient limitation (e.g. Güsewell et al. 2003; Tessier & Raynal 2003) . Gerdol et al. (2004) found that leaf N:P of two related species, Vaccinium vitis-idaea and Vaccinium myrtillus, varied significantly among sites with different nutrient availabilities, indicating different nutrient requirements of these species. Güsewell (2003) , showed for Dutch fens and dune slacks that a high N:P ratio (> 20) is associated with P-limitation, while lower values could reflect both N-and N+P-or no limitation. However, Bowman et al. (2003) showed that out of three alpine species the N:P ratio was a useful predictor of a limitation type for only one of them. Similarly, our data suggest no obvious association between the N:P ratio of individual species and their response to nutrient additions.
Total vascular plant community nitrogen and phosphorus pool
As expected, the N-and P-addition treatments increased the N-and P-community pools, respectively. However, the patterns of N-and P-accumulation differed among species. The total N-content was significantly enhanced in N-addition treatments for only a few species (Fig. 2) , owing to the increase of these species' biomass and to a lesser extent to the increase in N-concentration. This suggests that higher total N-uptake per unit soil area served primarily to support stronger plant growth. Although the values of the total N-contents were similar in the N-and N+P-treatments, the contributions of the various species differed considerably (Table 1) . This depended also mostly on shifts in the species' biomasses. In the N-treated plots, Carex and non-rhizobial ) Trifolium polyphyllum were the strongest Naccumulators. Addition of phosphorus on N+P-treated plots reduced the contribution of Trifolium and Carex to the N-pool, while the contribution of Festuca and Alchemilla increased. In contrast, the increase of the total phosphorus pool under the N+P-and especially the Ptreatment seemed to be driven rather by the increases in species P-concentration and was therefore distributed more evenly among many species.
Phosphorus concentration under P-treatment was on average 7.4 times higher than in the control, but only in Festuca ovina did this coincide with biomass increase, probably indicating 'luxury consumption'. This is possibly a result of the restricted ability of roots to change their P-absorption capacity, typical for species from infertile soils (Chapin 1980) . This is consistent with data reported by Shaver & Chapin (1995) who found that, in Alaskan tundra, increases in P were also greater than increases in N at similar fertilization regimes. In Alaskan tundra plant communities, P-addition stimulated the uptake of P much more than it supported biomass increase (Chapin et al. 1978; Kielland & Chapin 1994; . Our results show similar luxury consumption of P for an alpine tundra. The observed increase of P in the N+P-treatment can be explained by a relative excess amount of supplied P, because the optimal ratio of fertilizer N:P-supply is 10:1, whereas our N+P-addition had a ratio of 3.6:1.
Concluding remarks
The vascular plant biomass production in the investigated Caucasian alpine tundra plant community is limited by nitrogen, while P is a secondary limiting nutrient. The critical N:P mass ratio (16) for the shift between N-and Plimited plant growth as found for lowland wetlands was not valid for this plant community. This may be caused by the presence of many species that are well adapted to low P-supply. Further research is needed on the P-use efficiency and P-resorption of the component species of alpine tundra communities, since currently we can not give an explanation for their ability to grow at such low internal P-concentrations.
Individual species appear to differ in their nutrient constraints and therefore in their specific adaptations to low P versus N. Thus, the observed community response is the combination of many, sometimes opposite, species responses. Assuming that there is smaller-scale heterogeneity in P-versus N-availability of the soil, such differences in response could promote the optimization of nutritional niche utilization.
